Protein crystals are usually grown in hanging or sitting drops and generally get transferred to a loop or micromount for cryocooling and data collection. This paper describes a method for growing crystals on cryoloops for easier manipulation of the crystals for data collection. This study also investigates the steps for the automation of this process and describes the design of a new tray for the method. The diffraction patterns and the structures of three proteins grown by both the new method and the conventional hanging-drop method are compared. The new setup is optimized for the automation of the crystal mounting process. Researchers could prepare nanolitre drops under ordinary laboratory conditions by growing the crystals directly in loops or micromounts. As has been pointed out before, higher levels of supersaturation can be obtained in very small volumes, and the new method may help in the exploration of additional crystallization conditions.
Introduction
The availability of protein crystals is a prerequisite to the determination of the three-dimensional structure of proteins from X-ray diffraction experiments. The high-throughput production of diffraction-quality crystals remains a major bottleneck and several methods have been suggested to improve the success rate (Page, 2008) . There are several robots that can be used to speed up the crystallization process and reduce human error (Chayen et al., 1990; Santarsiero et al., 2002; Hazes & Price, 2005) . These robots also improve screening efficiency by using nanolitre volumes for crystallization experiments (Santarsiero et al., 2002; Hazes & Price, 2005; Bodenstaff et al., 2002) .
Protein crystals are usually grown in hanging or sitting drops and generally get transferred to a loop or micromount for cryocooling and data collection. The transfer of crystals from drops is a delicate process that could affect the quality of crystals and may also result in loss of the crystal. However, the method for removing a crystal from the drop has not been fully automated (Dauter, 2006) , so a number of alternatives have been suggested to circumvent this problem. The Universal Micromanipulation Robot can mount crystals from drops (http://www.sqr-1.com/Prod_UMR.html). One approach is to grow crystals in microcapillary tubes (García-Ruiz & Moreno, 1994; McPherson, 1999; Kalinin & Thorne, 2005; Yadav et al., 2005) . This technique was used for the in situ high-resolution (1.8 Å ) X-ray data collection of thaumatin crystals (Yadav et al., 2005) . However, to prevent it from drying out, the crystal must remain in the capillary tube, preventing cryocooling and increasing radiation damage (Yadav et al., 2005) . Another recent approach uses an automated procedure to grow crystals in small chips that can be mounted and used for X-ray diffraction experiments (Segelke, 2005) . A semi-automatic protein crystallization system that allows in situ observation of X-ray diffraction from crystals in the drop has also been reported (Watanabe et al., 2002) . McPherson (2000) has described a procedure for the collection of X-ray data from macromolecular crystals in situ using a prototype device that had sitting drops on small plastic or glass slides. McPherson (2000) describes several advantages for growing crystals directly on the support. Crystals need never be touched or manipulated, so there is no 'collateral damage'. Needle crystals, thin-plate crystals, and others of either unfavorable morphology, such as clusters, or small size, otherwise unmountable, can be utilized for data collection. The data from many identical small crystals can be used to yield the data set of a single large crystal (McPherson, 2000) .
In the present paper, we report the results of the crystallization of proteins in cryoloops and micromounts and compare the diffraction patterns and structures of crystals of three proteins grown by the new method and by the conventional hanging-drop method. Directly growing the crystals within the loops/micromounts bypasses the difficulty of retrieving the crystal from a drop and opens up the possibility for automation. We have developed a method to streamline the new crystallization process and describe the design of a tray that could be used for setting up the drops on loops or micromounts.
Experimental methods

Tray preparation
Normal hanging-drop trays (Nextal plates) were used to test the feasibility of crystal growth directly in loops and micromounts. Mounted cryoloops of 10 and 20 mm thickness, ranging in loop sizes from 0.05 to 0.5 mm diameter, were purchased from Hampton Research. MicroMounts, MicroGrippers and MicroMeshes were purchased from MiTeGen (Stum et al., 2004) . The lengths of the pins were shortened to fit in the 18 mm copper magnetic base, and the loops or the MiTeGen products (MicroMounts, MicroGrippers and MicroMeshes) were then fastened using Duco cement (Hampton Research) to the inside of the hanging-drop wells, with one to four loops in each well. The loops were oriented such that the loop face would be parallel to the bottom of the well, for easy crystal viewing ( Fig. 1 and supplementary material, 1 Video 1). The loops were handled with tweezers to prevent them from touching the skin and becoming contaminated with grease or oil.
Protein sample preparation
The reservoir was filled with 500 ml of the mother solution, and a drop containing 1.2 ml of reservoir and 1.2 ml of protein solution was placed on the coverslip and mixed well. Then a 0.6 ml portion of the drop was pipetted and held as a drop at the tip of the pipette. The drop was brushed against the loops in the well while being viewed through a microscope (supplementary material, Video 1). Approximately 125 films were drawn from a 1 ml drop (from lysozyme well solution) using 0.2 mm Hampton loops indicating a volume of $8 nl per loop. The precise amount of the solution depends on the surface tension and on the orientation of the loop. The 0.2 mm MicroMounts hold around 23 nl per mount (stable films require filling the wicking aperture with the solution).
We have used the above procedure to prepare around 400 films (Hampton loops and the three MiTeGen mounts). We used $275 Hampton loops and 25 MiTeGen MicroMounts for our initial experiments. We tested MiTeGen MicroGrippers and MicroMeshes after the initial trials, and these products improved the stability of the film. The method was then improved by incorporating magnets for loop manipulation (Fig. 2 and supplementary material, Video 2). In this case, the loops attached to the magnets were drawn through a drop containing protein and reservoir solution. This setup uses handle magnets to move the loops in and out of the drops (supplementary material, Video 2). This design increases the reproducibility of the films on the loops and has a greater potential to speed up or automate the transfer of loops to the goniometer. It is envisaged that through using this system it may be possible to place the films in the loops at different time intervals in a closed system.
Ten different proteins [lysozyme (Sigma), thaumatin (Sigma), RNase (Sigma), two mutants of the Thermotoga maritima protein TM0449 (JCSG), T. maritima proteins TM0574 (JCSG), TM0559 (JCSG) and TM1389 (JCSG), an intein protein (New England Biolabs), and phosphoadenylyl sulfate reductase (Dr David Stout)] were tested ( Fig. 3) . These proteins were chosen to cover diverse Crystallization well design with magnets. The base of the pin is glued to a magnet. This assembly is held in place by the handle magnet on the outside of the well. The drops on the loops are formed by slowly moving the pin into the hanging drop or sitting drop using the handle magnet. The sitting drops were made by placing the drops on a glass coverslip mounted on a post. The magnets are mounted into Teflon pieces (not shown) for ease of handling and smooth control from outside the tray. crystallization conditions, from high salt to very high poly(ethylene glycol) (PEG). The crystals of lysozyme, thaumatin, RNase and T. maritima protein (a mutant of TM0449) were tested for diffraction (Table 1) .
Thaumatin crystals were grown from a well solution containing 0.9 M sodium/potassium tartrate, 0.1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, pH 7.3) and 15% glycerol (Nanao et al., 2005) . The well solution used for RNase contained 1.7 M ammonium sulfate, 2 M NaCl and 0.1 M sodium acetate (Nanao et al., 2005) , and the mutant of TM0449 was crystallized from a well solution containing 49% PEG 200 and 0.1 M HEPES (pH 7.6).
Complete data sets for crystals of thaumatin, RNase and the TM0449 mutant were collected. As a control, diffraction data for these proteins from crystals grown in a normal hanging-drop experiment, within the same well as the crystals used for loops/ mounts, were collected.
Cryoprotection
The proteins selected for the tests had crystallization conditions ranging from high salt (1.5 M NaCl) to high PEG (up to 60% PEG 200). Typically the pins were removed from the side of the well using tweezers (supplementary material, Video 1). Those crystals grown in the high-PEG conditions were suitable for flash cooling without the need of a cryoprotectant, and after being removed from the well they were quickly transferred to a copper base containing glue and stored in liquid nitrogen. We tested Duco cement, Super Glue and 5 Minute Epoxy as the glue, and the copper bases with 5 Minute Epoxy showed the best stability after cooling at 100 K. (Note: The reusable bases from MiTeGen should simplify this process.) For the remainder, the loop containing the crystal was plunged into the cryosolution and flash cooled using another loop.
Data collection and refinement
X-ray diffraction data were collected using ADSC Q315R or MAR325 CCD detectors, at SSRL (Stanford Synchrotron Radiation Laboratory, California, USA) beamlines 7-1 or 11-1 controlled through the Blu-Ice (McPhillips et al., 2002) interface. Photographs of the crystals grown in the support are shown in Fig. 4 .
The data sets for the crystals grown directly in the loops were solved using molecular replacement and the protein models derived from this were used as models to solve and refine the data sets collected from crystals grown in the hanging-drop experiment Kabsch, 2010a,b) and the TM0449 mutant using MOSFLM (Leslie, 1999) 
where F p and F pcalc are observed and calculated structure factors; R free is calculated with 5% of the data. Loops and MicroMesh SSRL 11-1 2.3-2.5 † The diffraction limit was checked by visually inspecting the diffraction images.
Results and discussion
Success rate and crystal quality
We prepared 400 films on the loops or micromounts for the crystallization trials. Around 71% of the loops retained the liquid and 52% of those that retained the liquid produced crystals. The success rate was improved by using MiTeGen MicroMeshes or Micro-Grippers. Loop manipulation using tweezers (to avoid oil or grease from hands) as well as washing the loops with dilute hydrochloric acid helped in producing a stable film for the higher-salt conditions.
The success of the crystallization in loops was monitored by comparing the drop on the coverslip with the corresponding loops. A comparison of the crystals grown in loops and grown by the hangingdrop method for lysozyme and a TM0449 mutant is shown in Fig. 5 . The well solution for lysozyme for this trial ranges from 1.2 to 0.8 M NaCl and 50 mM sodium acetate (pH 4.5). The TM0449 mutant well solution varies from 55 to 40% PEG 200 and 0.1 M HEPES (pH 7.5). The appearance of crystals in the films and the absence of crystals in the corresponding drops highlight the effect of nanolitre drop volume on the crystallization (Bodenstaff et al., 2002) .
Generally the crystals grown in the loops were smaller and fewer in number. Lowering the precipitant concentration seemed to help with the crystallization of some of the protein samples. The best procedure consists of using two loops per well, a small amount of glue and 20 mm-thick loops with a loop diameter of 0.2 to 0.5 mm. The 10 mmthick loops and loops larger than 0.5 mm in loop diameter dehydrated too frequently. The stability of the film and the sizes of the crystals improved by using the Micro-Meshes and MicroGrippers. The results of a comparison study of the lysozyme crystallization with Hampton loops, MicroMounts, MicroMeshes and MicroGrippers are given in Table 3 . Crystallization in loops/micromounts using the new method (Fig. 2) helped to retain the film and gave improved results. This improved setup, whereby the films on the loops/micromounts were prepared in a closed system, showed greater reproducibility in the stability of the film.
Data quality and model comparison
We tested the diffraction of 37 crystals grown by the loop method (17 lysozyme crystals, and 13 crystals of a TM0449 mutant, four of thaumatin and three of RNase). The diffraction results are given in Table 1 . In general, the diffraction quality of the crystals grown in the loop/MiTeGen mounts was lower than the diffraction reported for the same protein grown by conventional methods. However, it may be noted that the best resolution we observed for the TM0449 mutant crystals grown by the hanging-drop method is 1.75 Å .
We also compared the diffraction of crystals grown by the loop method with the diffraction of crystals from the drops of the corresponding wells, and the diffraction quality generally depended on the crystal Comparison of crystals in loops and the corresponding hanging drops. The images in the left and right panels show crystallization results for lysozyme and one of the TM0449 mutants, respectively (the precipitant concentration decreases as we go down the figure) . The pictures in each panel shows the hanging drops on the left side and the corresponding loops on the right side. The loop rods appear as dark blurred lines directly under many of the drops.
Figure 4
Crystals grown in loops used for the structural study. The left panels show pictures of the crystals in the tray. The right panels show the same crystals mounted on the beamline for data collection. size. The diffraction patterns for some of the crystals grown by the loop method showed elongation of the spots. This was observed for the lysozyme crystals grown from high-salt conditions, which had to be cryocooled using ethylene glycol as the cryoprotectant. However, the lysozyme crystals grown from the 30% PEG 5000 monomethyl ether conditions did not show this from either the loop-grown or the hanging-drop-grown crystals.
We selected crystals of thaumatin, RNase and the TM0449 mutant for complete data collection. Data sets were collected for crystals grown in the loops/MiTeGen mounts and by the conventional hanging-drop method.
The data sets of the crystals grown by the hanging-drop method showed consistent improvement in the data quality (Table 2) . This is partly due to the larger crystal size, which is also reflected in the higher I/ values for the data sets of the crystals grown by the hanging-drop method. The electron density maps for the structures from the loops/MiTeGen mounts and the hanging-drop method showed no noticeable differences.
New crystallization tray
The preliminary design of a new crystallization tray is shown in Fig. 6 . The new tray is designed to enable automation of the crystallization protocol described here. The aim is to automate the loading of the film, dislodging of the loop, and placement of the loop on a beamline or a storage device. The holder magnets could be moved manually or using a robot to place the film on the loops/ MiTeGen mounts. The basic steps are also outlined in Fig. 2 , and Video 2 in the supplementary materials shows the placing of the films and manual transfer of the pin to the goniometer.
Conclusions
Large-scale structural genomics programs rely heavily on automated methods for crystallization, crystal visualization and handling. In the area of crystallization, the main effort is focused on the automation of screening procedures to identify important leads. Most of the steps, including mounting the crystals on the sample goniometer, data collection and data processing, have been fully automated (Abola et al., 2000; Cohen et al., 2002; Dauter, 2006) . The method of removing a crystal from a drop has not been fully automated before, and this presents a major challenge (Dauter, 2006) . Although a number of new techniques have been proposed to overcome this problem (McPherson, 2000; Yadav et al., 2005) , each of them presents new challenges.
We believe that crystallization in loops will help to automate the task of crystal selection and, if optimized, could eliminate the need for manual crystal manipulation during mounting. Since crystals would be already grown in loops, robots will be able to pick them directly from the newly designed trays and mount them into a storage device or onto a goniometer. The approach described here using magnets and the new tray design or a similar device should help with the automation of the mounting process. The crystallization of proteins directly in loops and MiTeGen mounts can be easily reproduced in a typical laboratory, allowing researchers to test the effect of nanolitre drop volumes on crystallization or crystal quality.
Figure 6
Design of the crystallization tray. The tray designed for automatic placement of the drops into loops. The loops can be moved into and out of the drops (figure shows hanging drops; it can also be used for sitting drops on a coverslip; see supplementary material, Video 2) by a robot or manually using the holder magnets. The loops with crystals could be transferred to the goniometer or a storage device. Table 3 Comparison of results (films retaining solution/films with good crystals) of films from Hampton loops (0.2 mm) and MiTeGen MicroMounts (0.2 mm), Micro-Grippers (0.3 mm) and MicroMesh (0.4 Â 0.05 mesh). †.
Crystallization condition Hampton loops ‡ MicroMount MicroGripper § MicroMesh § 1.2 M NaCl, 50 mM sodium acetate (pH 4.5); protein solution at 25 mg ml À1 in water 10/5 13/9 15/13 15/14 † Fifteen films were set up for each method. The films were checked on the third day. ‡ Six of the films with Hampton loops had needle-shaped microcrystals. § The crystals grown on the MicroGripper and MicroMesh were larger.
